We report on a method to fabricate and measure gateable molecular junctions which are stable at room temperature. The devices are made by depositing molecules inside a few-layer graphene nanogap, formed by feedback controlled electroburning. The gaps have separations on the order of 1-2 nm as estimated from a Simmons model for tunneling. The molecular junctions display gateable IV-characteristics at room temperature.
possibilities to anchor diverse molecules as compared to metallic electrodes. While with the latter thiol and amine linkage is widely used, 2 the carbon-based materials can not only be functionalized covalently through organic chemistry techniques 9 but also via π-π stacking interactions of aromatic rings. A third advantage is the fact that extremely thin electrodes can be prepared, ranging from (few-layer) graphene to carbon nanotubes. Compared to the more bulky metallic electrodes, the thin carbon-based electrodes reduce the screening of an applied gate-field and therefore enhance the gate coupling.
Motivated by these advantages, carbon nanotube based nanogap electrodes have previously been constructed by oxygen-plasma etching where the gap is defined by a PMMA mask 9, 12, 13 or through electrical breakdown. [14] [15] [16] To date, however, control over the gap-size below 10 nm has not been demonstrated, making it difficult to contact single molecules. Other approaches that could potentially lead to nanogap electrodes include AFM nanolithography of graphene, 17 anisotropic etching catalyzed by nanoparticles, 18, 19 graphene nanogaps formed by mechanical stress, 20 Here, we report on the formation of nanometer-separated few-layer graphene electrodes using feedback-controlled electroburning. The process of electroburning is related to the chemical reaction of carbon atoms with oxygen at high temperatures, induced by Joule heating at high current densities. This technique has also been utilized to controllably remove shells of multi-walled carbon nanotubes, [22] [23] [24] to form nanogaps in single-walled carbon nanotubes (SWNTs) [14] [15] [16] and to fabricate narrow graphene constrictions and quantum dots. 25, 26 An important motivation for our choice for few-layer graphene (as opposed to single layer graphene or carbon nanotubes) is that it is thin, yet its conductance largely gate-independent so that features of the contacted molecules will not be masked by the electrode's response to the gate.
We start by briefly describing our fabrication technique. Few-layer graphene flakes (between 3 -18 nm thick) are deposited by mechanical exfoliation of kish graphite (Toshiba Ceramics) on degenerately doped silicon substrates coated with 280 nm of thermal silicon oxide. We use standard wafer protection tape as it leaves little adhesive residue on substrates. Cr/Au electrodes are patterned on top of selected few-layer graphene flakes by electron-beam lithography and subse-quent metal evaporation, followed by a lift-off in cold acetone and dicholoroethane. Figure 1a (top) shows a schematic of the few-layer graphene device used for electro-burning and nanogap formation. Initial device resistances at low bias are in the order of 200 Ω -3 kΩ.
The feedback controlled electroburning is performed in air at room temperature. The feedback control scheme is based on similar methods used for electromigration of metallic nanowires. 10, 27 Typically, a voltage (V) ramp is applied to the graphite flake (1 V/s), while the current (I) is continuously recorded with a 200 µs sampling rate. The variations in the conductance (G = I/V) are monitored, with a feedback condition set at a >10 % drop in G within the past 200 mV of the ramp. Upon the occurrence of such a drop, the voltage is swept back to zero in 10 milliseconds.
Immediately after, a new sweep starts from zero voltage and the process is repeated, in this way gradually narrowing down the flake. b a Fig. 1b) . In total we have performed electroburning on 38 samples of which 35 (92 %) underwent the electroburning process down to a low-bias resistance in the range of 500 MΩ -10 GΩ. In the other cases the feedback was not fast enough to respond, resulting in gaps with infinite resistance (> 100 GΩ).
Analyzing the cross-section of the device in figure 1b by atomic force microscopy (AFM) we calculate the critical current density at which the first electroburning event occurs, to be 5.3 x 10 7 A/cm 2 . For all the devices on which we have performed the electroburning the critical current densities are comparable; between 3.8 x 10 7 and 7.6 x 10 7 A/cm 2 , independent of the thickness of the flakes and similar to the current densities of 10 8 A/cm 2 at which single layer graphene breaks down. 29 To characterize the gap geometry, we have performed AFM on several devices after electroburning, a representative example of which is shown in Fig. 2 . This graphite flake has a height of 12 nm, corresponding to ca. 35 layers of graphene. The image suggests that the electroburning starts from the edges in the central region of the flake, predominantly at one side. Interestingly, the height of the few-layer graphene electrodes does not change during the process of electro-burning.
The evolution of the thinning can be understood by considering that the electroburning is a temperature activated process, relying on the reaction of carbon atoms in the lattice with oxygen. The highest temperature in the flake as a result of Joule heating at large current densities is reached in the central region since heat is evacuated mainly to the Au-leads, while the edge-carbon atoms are the most reactive sites due to the incomplete sp 2 -hybridization. 30, 31 After the first carbon atoms have been removed on the site of highest reactivity, the electroburning will likely propagate from there as the current density and therefore the temperature is the highest near this point.
Because it is difficult to obtain an accurate gapsize from AFM characterization, we turn to the electrical characteristics of the nanogaps. Current-voltage characteristics between +/-500 mV of 34 electro-burned samples with finite resistance were recorded at room temperature in a vacuum probe station (see Fig. 3 Our few-layer graphene nanogap electrodes are remarkably stable and display only small variations in the tunneling characteristics after several weeks when stored in vacuum (current-levels stay within 10% variation). 35 We have also carefully measured the conductance as a function of the backgate voltage (V g ) at low temperature (10 K) at low bias voltages of typically 100 and 200 mV. Generally, for these devices the conductance does not vary within our experimentally accessible range of V g between +/-40 V. 36 The small electrode separations and long-term stability of the nanogaps, combined with the absence of gate-dependent transport across the gap imply that they can be used to contact small molecules and measure three-terminal transport.
To demonstrate this, we have deposited anthracene-functionalized curcuminoid molecules (1,7-(di-9-anthracene)-1,6-heptadiene-3,5-dione, abbreviated as 9Accm, see Fig. 4a ) on the nanogap devices. 37 The anthracene-groups are extended π-conjugated systems that interact strongly with the π-system of the top graphene layer, providing a strong anchor to the electrodes, while the curcuminoid wire has a high π-electron density which can mediate charge transport. We deposit the molecules by placing the devices overnight in a chloroform solution containing 0.1 mM of 9Accm.
After taking the devices out of the solution they are blow-dried by a flow of N 2 . AFM characterization of the deposition on a reference sample shows that a sub-monolayer of molecules is formed on the devices (see supporting information). The devices are then electrically characterized in a vacuum probe station (see fig. 4b for a schematic representation).
An important advantage of stable nanogap electrodes is that the current-voltage characteristics after deposition can be compared with the characteristics before deposition. Changes in the transport-characteristics can then be attributed to the presence of molecules in the gap. In our case, 14 out of 35 devices displayed an increase in conductance after deposition. In conclusion, we report on a new method to controllably form nanogaps in few-layer graphene with nanometer separations based on feedback controlled electroburning of few-layer graphene.
Gateable transport through molecules contacted between the electrodes demonstrates the potential of room-temperature operation of molecular devices. Combined with the observed stability in time, our study shows that few-layer graphene nanogaps are an interesting alternative to metal electrodes. We further note that the fabrication technique is not limited to the use of exfoliated graphene but could also be applied to CVD-grown few-layer graphene over large areas, paving the path to more complex, integrated devices involving multiple molecular devices integrated on the same chip.
Simmons model
The current density in a tunnel junction with a barrier in the x-direction (φ (x), see S1) is given by 32
where
is the Fermi distribution on leads with chemical potential µ, and T (ε x ) is the tunnel probability of an electron with a kinetic energy ε x in the x-direction. In the low-temperature limit, i.e., k B T µ L , µ R , φ (x), the Fermi distribution effectively becomes a step-function and eq 1 reduces to
The tunnel probability can be obtained via the WKB-approximation:
h . For a barrier with constant height, i.e., φ is independent of x between x 1 and x 2 ,
where d = x 2 − x 1 , and the current density becomes 32
This is a good approximation when the work functions of the left and right lead are the same (φ L = φ R ). When they are different, the barrier height (to first order) changes linearly from φ L at
Figure S1: Asymmetric tunnel junction with different work functions on the left (φ L ) and right (φ R ) leads. The barrier potential is assumed to vary linearly with the distance x in the gap.
and
However, this is only valid when
and similarly for φ R < ε x < φ L .
For this barrier, the current density can no longer be calculated analytically, but is easily evaluated numerically. For fitting purposes it is generally more convenient to work with an average
and an asymmetry factor α =
. Apart from φ and α, also the gap size (d) is fitted in the paper. The Simmons model gives the current density, but since the current is measured, in principle also the cross-section of the junction would need to be fitted. However, this cross-section cannot be fitted independently from other parameters such as the effective electron mass in the electrodes, and it is treated as a prefactor. Using the asymmetric Simmons model we can estimate the gap size within approximately 5% accuracy.
Temperature dependence of the tunneling characteristics of the bare gaps
To further investigate the nature of the electron transport in the empty devices, we recorded IVcharacteristics at different temperatures (see Fig. S2 for a representative example, same device as Fig. 3 ). In the IV-characteristics of the empty devices, only a small decrease in the current is observed at lower temperatures, while the characteristic shape is maintained. The weak temperature dependence is consistent with tunneling as the main conduction-mechanism. 32 Figure S2: Current-voltage characteristics of an empty device (same as Fig. 3 ) at different temperatures. 
Characterization of molecule deposition
We have deposited 1,7-(di-9-anthracene)-1,6-heptadiene-3,5-dione molecules on the nanogap devices. The anthracene-groups are extended π-conjugated systems that interact strongly with the π-system of the top-graphene layer, providing a strong anchor to the electrodes. We deposit the molecules by placing the devices overnight in a chloroform solution containing 0.1 mM of 9Accm.
Chloroform was chosen as solvent as it is non-coordinating and volatile, allowing for relatively clean deposition of molecules on the few-layer graphene without solvent-adsorbates. After taking the devices out of the solution they are blow-dried by a flow of N 2 .
We have performed careful Atomic Force Microscopy analysis of the deposition of the molecules on the few layer graphene samples. The surface of the few layer graphene is generally completely clean if the mechanical exfoliation has been carefully performed and there are no residues from the Scotch tape on top (Fig. S3a) . Only after deposition of the 9Accm molecules, small features on the surface are observed ( In addition, electrical control experiments of the bare nanogaps, in which they are exposed to only pure solvent (chloroform) were carried out. Directly after the electroburning process, the IV-characteristics were measured. After the empty device characterization, the samples were dipped in pure chloroform and carefully dried underneath a flow of N 2 . The IV-characteristics after solvent exposure (red line in Fig. S4 ) display only minor changes as compared to the devices before exposure (black line in Fig. S4 ). to prevent that the device switches back to a high conductance state, as described in ref. 21 .
(36) Occasionally we find a dependence of G on V g , indicating that the sample is not fully electroburned and there still is a connection between the source and drain electrodes. The connection can be removed by performing an additional electroburning step, after which also for these devices we obtain few-layer graphene nanogap electrodes that do not show a response to the applied gate voltage. 
